INTRODUCTION
============

Vaccines are used to obtain an acquired immunity against certain pathogens \[[@B1]\]. A vaccine contains antigen (Ag) and immunostimulating agent. Vaccine Ags include disease-causing weakened or killed microorganisms, its toxins, or one of its surface proteins \[[@B1]\]. However, some vaccine Ags do not have enough intrinsic capability to stimulate immune system, and thus the vaccines need to contain the immunostimulating agents, called adjuvants \[[@B2]\]. Vaccine adjuvant is added to enhance the efficacy of vaccine at a variety of steps. It extends the presence of Ag at injection sites and helps antigen-presenting cells (APCs) to uptake Ag, and also stimulates immune responses by the increase of cytokine production and immune-related molecules on the surface of APCs \[[@B3]\]. Vaccine adjuvants have been divided into inorganic substances including alum, cytokines, and bacterial products according to their source types \[[@B4]\].

*Bordetella pertussis* (*B. pertussis*) and *Mycobacterium bovis* (*M. bovis*) have been used as bacteria-derived immunostimulating agents, partly vaccine adjuvants \[[@B5][@B6]\]. *M. bovis* is the causative agent of tuberculosis in cattle and *Bacillus Calmette-Guerin* (BCG) is prepared from an attenuated strain of *M. bovis*. BCG has been used as a vaccine adjuvant, but its side effects include fibrosis and granuloma, and thus it is not used currently \[[@B6][@B7][@B8]\]. *B. pertussis* is the causative agent of pertussis or whooping cough, and its virulence factors include pertussis toxin, filamentous haemagglutinin, pertactin, and tracheal cytotoxin. Pertussis toxin is a major toxin of *B. pertussis* and has an adjuvant effect such as antibody response \[[@B5][@B9]\], but can generate the sensitization leading to anaphylaxis \[[@B10]\].

*Bordetella bronchiseptica* (*B. bronchiseptica*) is a similar pathogen to *B. pertussis* and causes respiratory disease \[[@B11]\]. Whereas *B. pertussis* is relatively limited to human, *B. bronchiseptica* affects several animals including dogs, cats, and pigs with different strains \[[@B12]\]. Infection of *B. bronchiseptica* alone does not seriously damage to respiratory system of hosts, but the combined infection with other pathogens can cause significant economic loss \[[@B13][@B14]\]. *B. bronchiseptica* modulates the phenotypes of macrophages, leading to the inhibition of CD4^+^ T cell proliferation \[[@B15]\].

In a previous study, we demonstrated that *B. bronchiseptica* Ag can enhance the production of *Mycoplasma (M.) hyopneumoniae* Ag-specific immunoglobulin G \[[@B16]\]. In this study, we investigated whether formalin-fixed whole-cell and acellular vaccine of *B. bronchiseptica* can improve the Ag-presenting capability of dendritic cells (DCs) and may be a candidate of vaccine adjuvant with immunostimulatory activity.

METHODS
=======

Animals and materials
---------------------

C57BL/6 and Balb/c mice were obtained from OrientBio (Seongnam, Korea) and maintained at our animal facility. 8 to 12-week old mice were used for all experiments. Animal experiments in this study were performed in accordance with the Institutional Guideline for Animal Use and Care of Jeju National University (2018-0011, 2018-0045). Lipopolysaccharide (LPS; Sigma-Aldrich, St Louis, MO, USA) was used to as a positive control of immunostimulating agent for DCs. The whole-cell bacterin of *B. bronchiseptica* was prepared by formalin-inactivation and acellular vaccine with sonication (*B. bronchiseptica*) \[[@B16]\]. The protein amount of *B. bronchiseptica* was measured by Bradford assay.

Preparation of bone marrow-derived DCs
--------------------------------------

Bone marrow cells (BMs) were harvested from femur and tibia of C57BL/6 mice, and were used to culture DCs. BMs obtained after lysing red blood cells were counted and cultured into 6-well plates. To culture DCs, the cells were cultured with RPMI 1640 medium containing 5% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin-streptomycin, and 10 ng/ml mouse recombinant granulocyte macrophage-colony stimulating factor (GM-CSF; Peprotech, Rocky Hill, NJ, USA). The culture medium was replaced with new medium containing GM-CSF every two days. In order to minimize the interference of lymphocytes and granulocytes in DCs, the floating cells were removed on the 2nd, 4th day and DC precursor cells attached to the bottom were cultured. After 6 day culture, the floating cells were harvested and used as DCs.

Measurement of DC metabolic activity
------------------------------------

To measure the metabolic activity of DCs, the cells were seeded in 96-well plates and treated with LPS or *B. bronchiseptica* for 3 days. Then, 5 µl/well Cell counting kit-8 (CCK-8; Dojindo Molecular Tech., Kumamoto, Japan) solution was added and incubated at 37℃ for 4 h. The optical density was measured at 450 nm with a microplate reader (Multiskan FC; Thermo Fisher Scientific, Waltham, MA, USA).

Measurement of cytokines
------------------------

DCs were cultured in 96-well plates to analyze the production of cytokines such as tumor necrosis factor (TNF)-alpha, interleukin (IL)-10, and IL-12. The cells were treated with LPS or *B. bronchiseptica* for 3 days. The supernatants of treated cells were collected and used for Enzyme-linked immunosorbent assay (ELISA). The amounts of TNF-alpha, IL-10, and IL-12 were determined by CytoSet kits (Thermo Fisher Scientific) according to the instructions. The optical density was measured at 405 nm.

Flow cytometry analysis
-----------------------

Flow cytometry analysis was performed using surface marker-specific monoclonal antibodies (Abs) to measure the expression of activation and maturation markers of DCs. DCs were cultured in 6-well plates and treated with LPS or *B. bronchiseptica* for 3 days in the presence of GM-CSF. The treated cells were stained with biotin-labeled anti-MHC class II (I-A^b^), anti-CD40, anti-CD54, or anti-CD86 Ab, and sequentially with streptavidin-fluorescein isothiocyanate (FITC) (all from BD Bioscience, Franklin Lakes, NJ, USA). To measure the antigen uptake capability of DCs, the cells were incubated with FITC-dextran at 250 µg/ml at 37℃ for 1 h. All stained cells were analyzed by CytoFLEX and CytExpert software (Beckman Coulter, Brea, CA, USA).

Mixed lymphocyte reaction (MLR)
-------------------------------

To evaluate the adjuvanticity of *B. bronchiseptica* , the cultured DCs were treated with LPS, *B. bronchiseptica* for 2 days, and then co-cultured with allogeneic spleen cells. Allogeneic spleen cells were harvested from Balb/c mice. The treated DCs were incubated with 50 µg/ml mitomycin C for 30 min before the co-culture setup. The DCs and allogeneic spleen cells were cultured in 96-well plates at a concentration of 1 × 10^5^ cells/ml and 2 × 10^6^ cells/ml, respectively. As a control, only allogeneic spleen cells were cultured. After 5 days, 10 µl/well of CCK-8 solution was added and incubated at 37℃ for 4 h. The optical density was measured at 450 nm with a microplate reader.

Injection of LPS or *B. bronchiseptica* into mice
-------------------------------------------------

7-week old Balb/c mice were divided into 6 groups. *B. bronchiseptica* or LPS was injected at 10, 15 and 20 mg/kg doses respectively, by a single intraperitoneal injection. The mice were monitored for one week to check mortality rate and weight change.

Statistical analysis
--------------------

The data of CCK-8 assay and ELISA are presented as mean ± standard deviation and were analyzed with one-way analysis of variance, Tukey\'s multiple comparison test (InStat; GraphPad Software, San Diego, CA, USA). A p-value of \< 0.05 was considered as significant. ^\*\*^, ^\*\*\*^ indicate p \< 0.01, 0.001 respectively, compared to control.

RESULTS
=======

Effect of *B. bronchiseptica* on the metabolic activity of DCs
--------------------------------------------------------------

In order to determine whether *B. bronchiseptica* affects the metabolic activity of DCs, we performed CCK-8 assays. DCs were treated with *B. bronchiseptica* or LPS for 3 days at a range of concentration, 0 to 300 ng/ml, and the metabolic activity of DCs was measured. *B. bronchiseptica* at 33.3 and 100 ng/ml significantly increased the metabolic activity of DCs compared to control (0 ng/ml) ([Fig. 1](#F1){ref-type="fig"}). The highest increase of metabolic activity was appeared at 100 ng/ml, an optimal concentration used for DC activation in this study.

*B. bronchiseptica* increases the expression of immune response-related surface markers of DCs
----------------------------------------------------------------------------------------------

To determine whether *B. bronchiseptica* induces the activation and maturation of DCs, we measured the expression level of surface markers on DCs. The cells were treated with 0.1 µg/ml of *B. bronchiseptica* or LPS for 2 days and stained with surface marker-specific Abs. *B. bronchiseptica* strongly increased the surface markers expression on DCs, which increase the MHC class 2 molecule by 67% compared to control, and also other 3 molecules more than 150% ([Fig. 2](#F2){ref-type="fig"}). This data showed that LPS also had effects on the activation of DCs, but *B. bronchiseptica* increased the expression level of the 4 surface markers higher than LPS.

*B. bronchiseptica* decreases the antigen uptake capability of DCs
------------------------------------------------------------------

Antigen uptake assay was performed to confirm whether *B. bronchiseptica* induces the maturation of DCs. The cells were incubated with FITC-dextran at 37℃ for 1 h. Both LPS and *B. bronchiseptica* showed lower levels of the uptake of FITC-dextran compared to that of control ([Fig. 3](#F3){ref-type="fig"}). The uptake of FITC-dextran in DCs at 4℃ was used as negative control.

*B. bronchiseptica* enhances the cytokine production of DCs
-----------------------------------------------------------

To determine the effect of *B. bronchiseptica* as an adjuvant for vaccines, we measured the production of TNF-alpha, IL-10, and IL-12 in DCs treated with *B. bronchiseptica* or LPS. ELISA results demonstrated that both *B. bronchiseptica* and LPS increased the production of TNF-alpha, IL-10, and IL-12 ([Fig. 4](#F4){ref-type="fig"}). In the case of TNF-alpha, *B. bronchiseptica* produced less TNF-alpha than LPS at 0.02 µg/ml, but produced more at 0.1 and 0.5 µg/ml. Interestingly, IL-10 production was significantly elevated in *B. bronchiseptica*-treated DCs compared to LPS-treated DCs at 0.5 µg/ml. *B. bronchiseptica* enhanced the IL-12 production of DCs higher than LPS in all concentrations.

Effect of *B. bronchiseptica* on the antigen-presenting capability of DCs
-------------------------------------------------------------------------

To evaluate whether *B. bronchiseptica* can increase the antigen-presenting capability of DCs, we co-cultured the treated DCs and allogeneic spleen cells. DCs were pre-treated with *B. bronchiseptica* or LPS at 0.1 µg/ml for 2 days, and then co-cultured at a ratio of 1:20 with allogeneic spleen cells harvested from Balb/c mice. Mitomycin C was used to limit the metabolic activity of DCs itself and inhibit further maturation during the co-cultures. Both *B. bronchiseptica*- or LPS-treated DCs significantly increased the metabolic activity and proliferation of allogeneic spleen cells compared to control DCs ([Fig. 5](#F5){ref-type="fig"}). This result demonstrated that *B. bronchiseptica* can increase the antigen-presenting capability of DCs.

*B. bronchiseptica* is safe *in vivo*
-------------------------------------

To investigate if *B. bronchiseptica* is safe *in vivo*, Balb/c mice were injected with 10, 15, and 20 mg/kg of *B. bronchiseptica* or LPS. After 7 days, the survival rate and weight change were examined. All mice were survived in both *B. bronchiseptica*- or LPS-injected groups at 10 mg/kg dose. *B. bronchiseptica*-injected groups showed 100% survival rate at 15 and 20 mg/kg dose, whereas LPS-injected groups showed only 20%, 0% survival rate at 15 and 20 mg/kg dose respectively ([Fig. 6](#F6){ref-type="fig"}). Interestingly, the body weight change of *B. bronchiseptica*-injected mice was less than 3% decrease. This result indicates that *B. bronchiseptica* is safer *in vivo* than LPS.

DISCUSSION
==========

Adjuvants increase the effects of vaccines by enhancing antigen-specific immune responses, such as maximal T cell-dependent immune responses \[[@B3]\]. This effect of vaccine adjuvant can be achieved through several critical events including the activation of antigen-presenting cells such as DCs \[[@B17]\]. After uptaking antigens, DCs migrate to lymph nodes and present antigens to lymphocytes for initiating adaptive immune responses \[[@B18]\]. In previous studies, we demonstrated that *B. bronchiseptica* antigens increase the production of *M. hyopneumoniae*-specific IgG \[[@B16]\]. In this study, we investigated whether *B. bronchiseptica* can be used as an adjuvant to increase the antigen-presenting capability of DCs in several aspects.

This study demonstrated that *B. bronchiseptica* up-regulated the functions of DCs including metabolic activity. CCK-8 assay showed that *B. bronchiseptica* increased the metabolic activity of DCs at a level similar to that of LPS. Flow cytometry analysis showed that *B. bronchiseptica* stimulated the expression of MHC class II, an essential antigen-presenting molecule, on the surface of DCs and increased the expression of DC activation markers such as CD40, CD54, and CD86. In addition, the antigen uptake of *B. bronchiseptica*-treated DCs was consistently low. The matured DCs have much lower antigen uptake capability than immature DCs. Our data collectively indicates that *B. bronchiseptica* can increase the degree of activation and maturation of DC, similar to LPS.

TNF-alpha, IL-10 and IL-12 production were measured to determine how much *B. bronchiseptica* can activate DCs. ELISA showed that *B. bronchiseptica* strongly increased the production of TNF-alpha, IL-10, IL-12. Our data indicate that *B. bronchiseptica* is effective as an adjuvant to activate DCs. Interestingly IL-10 production was significantly elevated in the DCs treated with *B. bronchiseptica* compared to LPS at 0.5 µg/ml. IL-10 is a representative anti-inflammatory cytokine and its production is closely connected to the production of inflammatory cytokine including TNF-alpha \[[@B19][@B20]\]. This result suggests that *B. bronchiseptica* may have a unique regulatory role in the production of inflammatory and anti-inflammatory cytokines.

The immune enhancing effect of *B. bronchiseptica* is similar to or higher than that of LPS. *B. bronchiseptica* does have less cytotoxicity than LPS on DCs. *B. bronchiseptica* is a Gram-negative bacterium containing LPS and is likely to act as an immune stimulating factor. It is also suggested that the LPS of *B. bronchiseptica* may have a different structure or content compared to that of *E. coli*. In the future, we will study which components of *B. bronchiseptica* including LPS have the immunostimulatory effect.

In addition, we measured the effect of *B. bronchiseptica* on the antigen-presenting capability of DCs. MLRs measured by CCK-8 assay showed that *B. bronchiseptica*- and LPS-treated DCs increased the metabolic activity and proliferation of allogeneic lymphocytes. Our data indicate that *B. bronchiseptica* can enhance the antigen-presenting capability of DCs.

To confirm if *B. bronchiseptica* is safe *in vivo*, mice were injected with the same dose of *B. bronchiseptica* or LPS. Interestingly, *B. bronchiseptica*-injected mice did not die at all doses (10, 15, 20 mg/kg), whereas LPS-injected mice seriously did at 15 and 20 mg/kg (survival rate only 20%, 0% respectively). This result suggests that *B. bronchiseptica* is much safer *in vivo* than LPS.

Taken together, our data demonstrate that *B. bronchiseptica* enhances the antigen-presenting capability of DCs and has immunostimulatory activity as an adjuvant. In addition, the safety of *B. bronchiseptica* is better than LPS which is already used as a kind of adjuvant ([Supplementary Fig. 1](#S1){ref-type="supplementary-material"}). This study shows the availability of *B. bronchiseptica* as a vaccine adjuvant based on its activity on DCs.
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###### Supplementary Fig. 1

***Bordetella bronchiseptica* (*B. bronchiseptica*) antigen stimulates dendritic cells (DCs) *in vitro* and is safe *in vivo*.** *B. bronchiseptica* increases the expression of surface markers, the production of cytokines, and antigen-presenting capability of DCs. The survival rate of *B. bronchiseptica*-injected groups was 100% at 15 and 20 mg/kg doses, whereas that of LPS-injected groups was only 20%, 0% at 15 and 20 mg/kg doses respectively. These results indicate that *B. bronchiseptica* can be used as a safe adjuvant to enhance the antigen-presenting capability of DCs.

![The effect of *Bordetella bronchiseptica* (*B. bronchiseptica*) on the metabolic activity of dendritic cells (DCs).\
DCs were cultured in 96-well plates at a concentration of 1.5 × 10^5^ cells/ml with 0 to 300 ng/ml *B. bronchiseptica* or lipopolysaccharide (LPS) for 3 days. The treated DCs were incubated with 5 µl/well CCK-8 solution at 37℃ for 4 h. The optical density (O.D.) was measured at 450 nm by using a microplate reader. ^\*\*^Indicates p \< 0.01.](kjpp-24-47-g001){#F1}

![Effect of *Bordetella bronchiseptica* (*B. bronchiseptica*) on the expression of immune response-related surface markers of dendritic cells (DCs).\
DCs were cultured in 6-well plates at a concentration of 2.5 × 10^5^ cells/ml and treated with 0.1 µg/ml *B. bronchiseptica* or lipopolysaccharide (LPS) for 2 days. After the treatment, DCs were stained as described in "Methods". Numbers of histograms represent the geometric mean fluorescence intensity.](kjpp-24-47-g002){#F2}

![*Bordetella bronchiseptica* (*B. bronchiseptica*) increases the level of dendritic cell (DC) maturation.\
DCs were cultured in 6-well plates at a concentration of 5.5 × 10^5^ cells/ml and treated with 0.1 µg/ml of *B. bronchiseptica* or lipopolysaccharide (LPS) for 2 days. After treatment, the DCs were incubated with fluorescein isothiocyanate (FITC)-dextran as described in "Methods". Numbers of histograms represent the geometric mean fluorescence intensity. Negative control DCs was treated at 4℃, and others were treated at 37℃ for 1 h.](kjpp-24-47-g003){#F3}

![The effect of *Bordetella bronchiseptica* (*B. bronchiseptica*) on the production of immune-related cytokines.\
Dendritic cells (DCs) were cultured in 96-well plates at a concentration of 5 × 10^5^ cells/ml and treated with 0 to 0.5 µg/ml *B. bronchiseptica* (BB) or lipopolysaccharide (LPS) for 3 days. The supernatant of cells treated with BB or LPS was collected and used for ELISA. The optical density was measured at 405 nm by using microplate reader. TNF, tumor necrosis factor; IL, interleukin. ^\*\*^,^\*\*\*^Indicate p \< 0.01, p \< 0.001, respectively.](kjpp-24-47-g004){#F4}

![Effect of *Bordetella bronchiseptica* (*B. bronchiseptica*) on the antigen-presenting capability of dendritic cells (DCs).\
DCs were treated with 0.1 µg/ml of LPS or *B. bronchiseptica* (BB) for 2 days. The treated DCs were incubated with 50 µg/ml mitomycin C for 30 min before the co-culture setup. Allogeneic spleen cells were harvested from Balb/c mice. DCs and allogeneic spleen cells were co-cultured in 96-well plates at a 1 × 10^5^ cells/ml and 2 × 10^6^ cells/ml respectively. After 5 days, CCK-8 assay was performed as described in 'Methods'. O.D., optical density. ^\*\*^Indicates p \< 0.01.](kjpp-24-47-g005){#F5}

![*Bordetella bronchiseptica* (*B. bronchiseptica*) is safe *in vivo*.\
7-week old Balb/c mice were intraperitoneally injected with *B. bronchiseptica* (BB) or lipopolysaccharide (LPS) at 10, 15, and 20 mg/kg dose respectively. The survival rate of the mice groups was determined at 7 day.](kjpp-24-47-g006){#F6}
